(Received for publication April 4, 1949) The recent development of methods for the estimation of the blood flow and metabolism of the liver in man has made it possible to investigate the role of this organ in the normal and deranged metabolic processes of the human being. Previous studies have been concerned with the role of the liver in the carbohydrate metabolism of the normal human being (1) . Similar investigations of patients with decompensated diabetic ketosis are reported in the present paper.
METHODS
Hepatic venous blood was obtained by a catheter passed through the right antecubital vein into a right hepatic vein. Blood was drawn from a Cournand needle lying in the femoral artery. The hepatic blood flow was estimated by the bromsulfalein extraction method of Bradley et al. (2) . The technics of analysis have been discussed previously (1) . In addition to studies of glucose and urea, ketone bodies were determined by the method of Weichselbaum and Somogyi (3) . Throughout this paper, ketone bodies are expressed as the sum of acetone plus acetoacetic acid plus beta-hydroxybutyric acid (i.e., total ketone bodies). The standard errors of the various technics in our laboratory have been as follows: Glucose, ± 1.0 mg. per 100 ml. at a level of 100 mg./100 ml.; urea, ± 0.1 mg. per 100 ml. at a level of 30 mg./100 ml.; ketone bodies, + 8.2 mg. per 100 ml. at a level of 100 mg./100 ml.
After several pretreatment observation periods, insulin was injected intravenously. Jersey. 2 Part of the data presented in this paper have previously been published in abstract form (J. Clin. Invest., 1948, 27, 526) .
tered during the test. All patients had been fasting for at least 18 hours before the beginning of the observations. An accurate voided urine was collected for the 180 minute period of the experiment, and analyzed for glucose and ketone bodies.
CLINICAL MATERIAL
Five patients with diabetes mellitus were studied. These patients had been well controlled on insulin and a diet containing more than 150 grams of carbohydrate prior to the study, but had received no insulin for periods of 36 to 72 hours before the investigation was begun. No disease other than diabetes was evident, and none of the subjects were obese. Urine tests for ketone bodies were positive in all patients at the time the observations were started.
CALCULATIONS
The arterio-hepatic venous difference (A-HV) was obtained by subtracting the hepatic venous concentration from the arterial concentration. A positive value for this difference indicates that the splanchnic system was retaining the substance in question. By multiplying A-HV by the estimated hepatic blood flow (EHBF), the total splanchnic balance could be obtained. The relationship of this value to the hepatic balance is discussed below.
In the case of the ketone bodies, the large standard error of the method made it impossible to determine the value of A-HV with confidence in a single observation. The mean value of A-HV for the entire period was estimated by plotting graphically the arterial and hepatic venous concentrations against time, and integrating the difference with a polar planimeter. It was thus possible to obtain the mean difference of several estimations.
The rate of formation of glucose precursors from protein was estimated from the rate of urea production, assuming that the synthesis of 1 gram of urea releases 1.4 grams of glucose. The justification for this assumption has been discussed previously (1) . with the value of 3.4 + 0.7 mg./kg./min. in a group of normal individuals (1). The difference is significant (P less than 0.02).
It was possible to calculate the amount of glucose lost in the urine of three of the patients. In Table I it may be seen that in all cases the hepatic (1) . The difference is significant. No relationship could be established between the rate of protein breakdown and the hepatic blood flow, the arterial ketone body level, the arterial glucose level or the carbon dioxide combining power.
Hepatic ketone body production in diabetic ketosis: The output of ketone bodies by the splanchnic system varied from 0.12 to 4.0 mg./kg./ min. After subtracting the urinary ketone body loss, these substances were found to supply a caloric equivalent to the peripheral tissues of from 2% to 118%o of the calculated total basal metabolic requirement ( Table I) .
The effect of insulin on the carbohydrate metabolism in diabetic ketosis: The protocols of the five patients during treatment are shown in Table   TABLE II Effect of insulin on the splanchnic glucose balance in decompensated diabetic patients II. Within 15 minutes after the first injection of insulin a decrease in the arterial glucose level occurred. The decline was maintained throughout the entire treatment period, except in the case of J. W., after 45 minutes, and W. B., after 75 minutes. In the latter case, no insulin had been administered for 45 minutes when the arterial concentration of glucose levelled off.
In all cases except one, the splanchnic glucose balance remained negative, i.e., the liver continued to pour out glucose into the circulation, until at least 45 minutes after the beginning of therapy. In the case of J. W. C., a temporary positive balance was established at 30 minutes. This patient had very mild ketosis, shown by a total arterial ketone body level of only 27 mg./100 ml.
In two cases (W. B. and J. W.), there was a temporary increase in the rate of glucose production shortly after the institution of insulin therapy.
The effect of insulin on the ketone body metabolism in diabetic ketosis: The ketone body level in the blood fell during treatment with insulin. The inaccuracies of the analytical method used make it impossible to ascertain the role played by the liver in this decline.
The effect of insulin on the urea metabolism in diabetic ketosis: Before treatment, all patients had negative values for A-HV, indicating that the splanchnic system was adding urea to the blood. In each instance, as treatment progressed, at least one observation was made in which A-HV was positive (Table III) . It was not possible to correlate this occurrence with the status of the glucose balance, although in two patients, the urea and glucose balance patterns were nearly parallel (J. L. G. and J. P.). The significance of this apparent retention of urea by the splanchnic system is discussed below.
DISCUSSION
The hepatic venous catheter technic permits one to estimate the metabolism of the entire splanchnic system. Since it is impossible at present to obtain portal blood from the intact human subject, it is not feasible to separate the activity of the liver from that of the extra-hepatic splanchnic organs. It is possible, however, to predict in some degree the direction and magnitude of the error which is introduced if one assumes that the splanchnic metabolism is equivalent to that of the liver.
It has previously been shown (1) that in the normal human subject, the error introduced by lack of data pertaining to portal glucose concentration is small under basal conditions. Because of the utilization of part of the glucose traversing the digestive organs and the spleen, there is a tendency to minimize the apparent amount of glucose contributed to the circulation by the liver. In the diabetic individual, however, the uptake of glucose by most tissues is reduced (4) . This would decrease the magnitude of the error. In diabetic dogs, for example, the portal venous glucose concentration has been observed to be 3 mg./100 ml. lower than the arterial, at an arterial concentration of 336 mg./100 ml. (5) . This small difference could not be observed by the methods used for the present study. For the uncontrolled diabetic patient, therefore, splanchnic and hepatic glucose balances are probably essentially the same.
After increasing the utilization of glucose, by the administration of insulin, the hepatic and splanchnic balances can no longer be considered equivalent. As in the case of the normal subject, however, the error will always tend to minimize the glucose contribution of the liver. No data are available from which the magnitude of this effect can be estimated. The terms "splanchnic" and "hepatic" may therefore be used interchangeably in speaking of the glucose metabolism of the untreated diabetic, but the results of observations by the liver catheter technic after the administration of insulin'must be considered only as reflections of the glucose metabolism of the entire splanchnic system.
The extra-hepatic splanchnic organs neither utilize nor produce urea. It is, however, impossible to estimate the amounts of urea which may be withdrawn from the blood and released into the intestinal tract in the bile, gastric, pancreatic and intestinal juices. This loss of urea into the gut may explain the apparent retention of urea by the splanchnic system in the treated diabetic patient. It should be noted, however, that the digestive juices contain urea in a concentration approximating that of the blood (6). The secretion of these juices would not, therefore, be expected to alter the concentration of urea in the blood traversing the splanchnic system.
The apparent splanchnic urea balance might also be altered by dilution of the blood passing through the gut, either by absorption of ingested water or by release of water formed by the oxidation of hydrogen-containing foodstuffs. The first source was eliminated by examining the patients in a post-absorptive state. In one instance, a patient received a drink of water by mistake during the procedure. A definite depression of the hepatic venous urea level occurred in the next specimen (Table III, Water of oxidation is not sufficient to produce a perceptible alteration of hepatic venous concentration. The splanchnic oxidation of 180 mg. of glucose per minute (0.72 calories, equivalent to about one-half of the basal metabolic requirement) would reduce the hepatic venous urea concentration by only about 0.1 mg./100 ml., a difference within the error of the method of determination.
Although the quantitative relationships between the splanchnic balance and the hepatic balance of the substances studied is somewhat complicated, it should be emphasized that the chief cause of the alterations observed in the splanchnic balance is the activity of the liver.
The large error of the method for determining ketone bodies prevented the estimation of the small A-HV differences directly, and therefore no attempt was made to. draw conclusions about the hepatic or splanchnic balances in short observations in the present study. Considerable conservatism should be exercised even with regard to the estimation of A-HV by planimetric methods. The results obtained in this manner are probably of the right order of magnitude, but cannot be considered as reliable as the glucose or urea determinations.
In spite of the small number of observations, a -significant direct correlation has been found between the hepatic blood flow and the arterial ketone body level. It is not possible to determine whether the elevated ketone body concentration causes the increased blood flow, or whether both reflect some more basic derangement. This observation is consistent with the findings of Howarth, McMichael and Sharpey-Schafer (7) that in severe diabetic acidosis the cardiac output is normal or increased, and the peripheral vascular resistance is diminished. It is possible that the enhanced hepatic blood flow merely reflects the reduced vascular resistance of the extra-hepatic components of the splanchnic system. In view of the increased liver oxygen requirement for carrying on deamination and ketone body formation, however, it seems probable that the augmented hepatic blood flow is of importance in supplying oxygen needed for the pathologic metabolic activities.
The small number of observations probably accounts for the fact that the correlation between hepatic blood flow and the carbon dioxide combining power was not significant.
Calculation of the glucose balance showed a higher rate of release from the liver of the untreated diabetic patient than the normal human being. This finding is somewhat more definite than the findings of Crandall and Lipscomb (8) in dogs. These authors found that pancreatectomized dogs released more glucose from their livers than did normal dogs, but the increase was not significant statistically. The apparent difference between the results in humans and dogs may be caused in part by the very high value of EHBF in patient J. P.
It has frequently been shown that the rate of peripheral glucose utilization is increased when the blood glucose level is raised (9) . In spite of the high dextrose concentrations found in the diabetic patients, however, carbohydrate utilization was not increased as compared to normal subjects previously studied by the same technic (1). These data, therefore, indicate an increased hepatic glucose output and a relative under-utilization of carbohydrate in the decompensated human diabetic patient. It seems probable that the increased arterial glucose level, made possible in part by the high rate of glucose release by the liver, permits the diabetic tissues to utilize normal quantities of glucose.
It has been shown in diabetic human beings (10) and in animals made diabetic by pancreatectomy (11) or by alloxan (12) that the liver glycogen is usually decreased when the subjects are in severe ketosis. The increased glucose output could not, therefore, be explained merely on the basis of increased glycogenolysis. It can, however, be accounted for almost entirely by increased proteolysis. The finding of increased urea production and protein breakdown by the decompensated diabetic liver agrees with the findings of others by means of balance studies in man (13) and in animals (14) . The increased formation of glucose accompanied by an increased rate of urea formation is consistent with Stetten's observations (15) that in alloxan-diabetic rats or rabbits there is a normal or increased rate of glycogen formation from substances smaller than hexose. In our patients, it appears that an increased availability of such glucose precursors occurred as a result of the deamination of amino acids in the liver. The resulting nitrogen-free fragments of amino acids appear to have been incorporated into carbohydrate and to account in large part for the increased glucose production.
Ketone bodies were also found to contribute to the metabolic pattern of the decompensated diabetic patient. As might have been anticipated, the percentage of the metabolic needs supplied by ketone bodies was proportional to the degree of ketosis.
The metabolic pattern presented in Table I is expressed in terms of percentage of normal basal metabolic rate supplied by glucose and by ketone bodies. In each case, except that of J. W. C., the mildest case, these percentages add up to more than 100%. This is probably chiefly because patients in diabetic ketosis are not in a basal condition. It should also be emphasized that the fact that a material is being retained by the tissues does not necessarily mean that it is immediately being used for the production of energy. It is not possible by the technics used to estimate the importance of substances previously stored as fat, muscle glycogen, etc., in supplying the metabolic requirements of the organism. Moreover, the actual metabolic rate was not determined in these patients at the time of observation. The percentages presented, therefore, do not reflect the portion of the actual metabolic needs supplied by each of the components.
Presumably, the glucose retention following the injection of insulin reflects the formation of glycogen by the liver, although an enhanced formation of fat in the liver and viscera probably also takes place. The effect of the extra-hepatic viscera, as mentioned above, is to cause an apparent increase in the retention of glucose by the splanchnic system. The delay in the retention of glucose by the splanchnic viscera is therefore shortened by the effect of the activity of the extra-hepatic splanchnic system. The apparent delay of one hour before glucose was retained by the splanchnic system therefore implies that an even longer time was necessary before the liver began to retain glucose. Direct observations of the liver glycogen of diabetic patients (10) have shown that after treatment with insulin the glycogen concentration increases slowly at first and accelerates as therapy proceeds. This is consistent with the observations in the present series of patients.
In two patients, there was actually a considerable increase in the rate of release of glucose by the liver after the administration of insulin. The presence of glycogenolytic substances in commercial insulin has recently been emphasized (16) . The effect noted in these patients may have been due to the presence of this material in the insulin.
After the administration of insulin, there was a decrease in the rate of urea formation until all patients, at one time or another, had a positive splanchnic balance. As discussed above, some part of this retention of urea may have been artifact. In certain instances, however, the retention was of such magnitude that this effect seems insufficient to account for them (Table III (17) has shown that in normal fed rats 96%o of orally administered nitrogen-labeled urea is recovered unchanged in the urine. Leifer et al. (18) , however, have shown that up to 20% of the radioactivity of injected carbon-labeled urea may be recovered in the expired carbon dioxide within three hours. Certainly the period of recovery from diabetic acidosis should be one of the best times to see any anabolic activity of urea which is perceptible by ordinary chemical methods of study. The effect of insulin on protein metabolism, in any case, appears to be dramatic. The inhibition of hepatic urea formation occurs so early that it preceded or paralleled the carbohydrate effects in all cases. J. L. G., for example, had a positive splanchnic urea balance after 45 minutes of treatment, but did not begin to retain glucose even after 75 minutes.
SUMMARY
Five patients with uncontrolled diabetes mellitus have been studied by the liver catheterization technic. There was an increased rate of splanchnic glucose and urea production as compared with normal subjects. As the arterial ketone body concentration rose, the hepatic blood flow also increased. There was a normal rate of utilization of glucose in the peripheral tissues. Ketone bodies were also utilized.
After the administration of insulin, the arterial glucose level fell and the rate of splanchnic glucose production decreased. After latent periods of from 45 to more than 75 minutes, the splanchnic system began to retain glucose, presumably chiefly as glycogen. In two instances, there was a considerable temporary increase in hepatic glucose production immediately after the injection of insulin. This may have been due to the effect of the insulin glycogenolytic factor.
The rate of urea production was rapidly reduced by insulin. In all instances, the splanchnic system retained urea for one or more experimental periods while under the influence of insulin. This effect occurred at least as rapidly as the effects on carbohydrate metabolism. BIBLIOGRAPHY 
